To identify unique cardiovascular responses to stressors in a population at genetic risk of hypertension, we studied haemodynamic responses in initial reactivity to, subsequent adaptation to, and final recovery from repeated active mental stress in young, normotensive individuals stratified by hypertension parental history (PH). Two groups (n ¼ 21/group) of normotensive white males underwent stress testing. One group (N+PH) had a hypertensive parent, while the other group (N-PH) did not. Cardiovascular response was measured before, during, and after repeated serial-subtraction math. Initial reactivity was measured as the difference between baseline and initial stress response, subsequent adaptation as the difference in response to repeated trials, and final recovery was assessed by the difference between baseline and postbaseline levels. The influence of PH on reactivity, adaptation, and recovery was assessed by repeated measures ANOVA for stroke volume, cardiac output, pre-ejection period, total peripheral resistance, mean successive heartbeat time difference, blood pressure, and heart rate. Multivariate analysis of variance (MANOVA) determined the effect of PH on overall reactivity, adaptation, and recovery. As compared to the N-PH group, initial reactivity was higher in the N+PH group for cardiac index (Po0.05) and preejection period (Po0.05). Subsequent adaptation in the N+PH group was significantly slower for pre-ejection period (P ¼ 0.03). Finally, the N+PH group showed delayed recovery in heart rate (P ¼ 0.03), diastolic blood pressure (Po0.05), and pre-ejection period (P ¼ 0.007).
Introduction
Essential hypertension is a multifaceted progressive disease process spanning several decades of life. In all, 25% of children with one hypertensive parent and 50% of children with two hypertensive parents will eventually become hypertensive, 1,2 demonstrating that heredity plays a major role in the development of the disease. However, numerous other causal factors are involved, including stress, diet, exercise, obesity, ethnicity, sex, and age.
There is controversy about whether normotensive children of hypertensive parents have an increased sympathetic response to stress, especially mental stress. Such a response could produce a hyperactive sympathetic reaction, which in turn may lead to the development of hypertension. Both genetic and environmental factors are thought to contribute to this hyper-responsiveness. This study was conducted to determine if there are differences in cardiovascular reactivity (the initial stress response), adaptation (stress response to repeated stimulation over time), and/or recovery (time required to return to baseline levels) between the stillnormotensive, young offspring of hypertensive parents (N+PH) and normotensive offspring of normotensive parents (N-PH).
Previous studies have shown that repeated pressor episodes may lead to sustained hypertension 3, 4 and hypertensive subjects recover more slowly than normotensives after laboratory-induced behavioural stress. 5 Normotensive children of hypertensives also show persistent elevation of SBP during recovery from exercise, 6, 7 suggestive of enhanced cardiovascular response to physical stress. Several studies have also shown delayed blood pressure recovery [8] [9] [10] [11] [12] [13] [14] as well as increased reactivity 10, [15] [16] [17] [18] [19] to (mental) laboratory stress in normotensive offspring of hypertensives.
A unique aspect of this study is the measure of haemodynamic adaptation to stress over repeated administrations of a stressor in normotensive samples. Aerobically trained organisms have higher HR, epinephrine, and norepinephrine levels in response to initial mental stress 20, 21 with superior cardiovascular adaptation over repeated stress, 22 while borderline hypertensives and N+PH also show an increase in reactivity to initial mental stress. [15] [16] [17] [18] 23 Also, several studies have shown a lack of cardiovascular adaptation to repeated mental stress in N+PH vs N-PH subjects. 10, 16, 18, 24 This delayed recovery from stress in genetically prone persons might be an early marker in the prehypertensive stage of the disease. To explore this issue further, we studied whether or not normotensive children of hypertensive parents show higher cardiovascular reactivity, longer adaptation times, and/or less recovery from stress than their negative history counterparts. To further our understanding of the differences between these populations, we assessed the haemodynamics underlying stress responses in N+PH and N-PH. The haemodynamic measures included cardiac index (CI), peripheral resistance index (PRI), heart rate (HR), mean successive difference in heart period (MSD), a measure of parasympathetic tone, 25 stroke volume index (SI), systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial blood pressure (MAP), and pre-ejection period (PEP), a betaadrenergic measure. 26 
Methods

Subjects
Subjects were 42 healthy white (European ancestry of all four grandparents) normotensive males between the ages of 20 and 35 (mean 7 s.d. ¼ 26.5 7 4.2 years). Participants were recruited from the University of California at San Diego, the California School of Professional Psychology, San Diego and Veterans Affairs Medical Center, La Jolla, California. The sample population was chosen randomly after initial screening via personal and parental health history questionnaires, blood pressure status, and adherence to the abstinence requirements. A normotensive positive parental history of hypertension group (N+PH) and a normotensive negative parental history of hypertension group (N-PH), each with 21 subjects, were formed. Age was matched between the two groups within 2 years. Subjects were in good health and on unrestricted diets, had no or moderate use of nicotine, caffeine, or alcohol, and were taking no medications that affect blood pressure. Subjects must have been raised by biological parents, and have systolic blood pressure o135 mmHg and diastolic blood pressure o85 mmHg. Highly trained athletes were eliminated. Requirements for inclusion in the positive parental history group included having one or both parents (five had both) with an SBP4140 mmHg and/or DBP490 mmHg before antihypertensive medication and an essential hypertension diagnosis before the age of 60 years from a physician. In addition, the hypertensive parent(s) must have been taking antihypertensive medication prescribed by a physician to control blood pressure. Requirements for inclusion in the negative parental history group included having both parents with an SBPo135 mmHg and DBPo85 mmHg and a last reading within 6 months. The parents must have been at least 45 years old with no history of hypertension. Both groups had to have parents with no diabetes, obesity, stroke, or renal disease. Confirmation of parental blood pressure status was established by a call from the potential subject, and the latest blood pressure reading, within 6 months, was reported.
Setting and apparatus
This study was conducted in the Veterans Affairs Medical Center in La Jolla, California in the hypertension research unit. A recently calibrated Dinamap Vital Signs Monitor, Model 1846SX (Critikon, Tampa, FL, USA) measured blood pressure three times in seated subjects before the procedure; triplicate blood pressure values were averaged. Although a recent study 27 questions the accuracy of Dinamap blood pressures, this automated oscillometric device does have the advantage of removing observer bias from auscultatory measurements.
During stressor sessions, arterial blood pressure in mmHg (SBP, DBP, and MAP) was measured continuously (beat to beat) and noninvasively using a finger-cuff servo-photoplethysmomanometer device, the Ohmeda 2300, Finapres (FINger Arterial blood PRESsure monitor; Ohmeda, Englewood, CO, USA).
Transthoracic electrical bioimpedance cardiography measured heart rate (beats/min), stroke volume (ml/beat), cardiac output (l/min), left ventricular ejection time (ms), and total electromechanical systole (ms, for calculation of pre-ejection period), with the NCCOM-3 (BoMed Medical Manufacturing Ltd, Irvine, CA, USA, 1985) . This device allows noninvasive measurement of cardiac indices. The NCCOM-3 displays six cardiodynamic variables: thoracic fluid index (TFI, O), ventricular ejection time (VET, ms), ejection velocity index (EVI, O/s), stroke volume (SV, ml/beat), heart rate (HR, beats/ min), and cardiac output (CO, l/min). For the purpose of this study, the data of interest were SV, HR, and CO. The NCCOM-3 computed stroke volume for every heart beat from the magnitude and timing of these changes by using the following formula: SV ¼ VEPT Â VET Â EVI/TFI. VEPT is the physical volume of electrically participating thoracic tissue (ml), calculated from L 3 /4.25, where L is the subject's thoracic length in centimetres. The heart rate was measured in beats/min and was derived from the time between two consecutive QRS intervals. CO (in l/min) was automatically calculated from SV and HR by the formula CO ¼ SV Â HR. Total peripheral resistance (TPR) in dyn/s cm -5 was derived from mean arterial pressure (measured by the FinAPres) and cardiac output, TPR ¼ MAP (mmHg)/CO (l/min) Â 80. 18, 28 Body surface area (BSA) in m 2 was computed using a nomogram for determination of body surface from height in centimetres and weight in kilograms. 29 Stroke index (SI, ml/beat/m 2 ), cardiac index (CI, l/min/m 2 ), and peripheral resistance index (PRI) (dyn s/cm 5 /m 2 ) were calculated by dividing SV, CO, and TPR by BSA (m 2 ), respectively, in order to normalize data to control for body size. Mean successive difference in heart period (MSD, ms), a measure of parasympathetic tone, was derived by calculating the absolute difference between adjacent pairs of interbeat intervals (IBIs) divided by NÀ1, where N is the number of IBIs in a given time series. IBIs were derived from continuous heart rate data with the equation 60/HR. ECG and dZ/dt waveforms were simultaneously recorded at the 1 mV amplitude level, providing sufficient deflection for ease of measurement. Pre-ejection period (PEP, ms) was directly measured from the dZ/dt waveform by measuring the difference between the total electromechanical systole and left ventricular ejection time as recorded on the ECG strip. Total electromechanical systole begins for each heart beat interval by a spike on the dZ/dt waveform.
Stressor
A serial subtraction mathematical task was chosen as the stressor in this study. Mental math is easily administered and offers infinite variations and less ethical problems than other active stressors, such as shock-avoidance reaction-time tasks. Previous differences in cardiovascular reactivity (CVR) and/ or adaptation between N+PH and N-PH subjects have been found using a mental arithmetic (MA) stressor. 10, 17, 19, 24, 28 Heart rate and blood pressure reactivity to MA predicted future hypertension in normotensive adolescents with a hypertensive parent 1-4 years later, 28 and CVR to MA was shown to be similar in identical and fraternal male twins 29 and between parent and child. 30 MA is an active stressor, which distinguishes between N+PH and N-PH white male subjects better than a passive stressor such as the cold pressor test. 31 Active coping leads to enhanced beta-adrenergic activity resulting in greater cardiac output and peripheral vasodilation than passive coping. 32 MA elicits not only betaadrenergic responses, but alpha-adrenergic and parasympathetic responses as well. 18, 32 The task was made difficult and challenging, but not impossible. The subject's sense of control was lowered by the use of time pressure, a prerecorded example that made the task appear easier for people other than the subject, and critical comments to threaten feelings of self-regard and to increase anxiety.
Four serial math stress periods were used. The first 2 min of each stress period were verbal and the last 2 min silent, since cardiovascular reactivity is higher during challenging tasks that have a vocalization component than that during exclusively nonvocal tasks. 33, 34 The first 2 min of verbal MA were used to evaluate the eight haemodynamicdependent variables: HR, SBP, DBP, MAP, CO, SV, TPR, and PEP. For the measurement of PEP, output from an ECG recorder was taken for 10 s of the first minute for all trials. If normal resting heart rate is about 80 beats/min, this yields at least 12 heart beat intervals to measure. With heart rate increasing during the mental stress periods, the number of heart beat intervals was usually considerably greater. This produced an adequate data set for the measurement and calculation of PEP for each time period. The 2 min of silent arithmetic were used to measure heart rate, which was used to calculate the parasympathetic response via MSD score. During MA, vagal tone decreases only under a silent (nonspeaking) condition. 31 Heart rate changes with MA are partially due to vagal withdrawal, but vocal MA interferes with the measurement of heart rate variability; 31 therefore, the silent phase of this experiment was used, solely for the purpose of measuring parasympathetic influences. Vocal vs silent MA tasks have different effects on haemodynamic measures. 31 An exploration of these differences is warranted, perhaps in future studies, but is beyond the scope of this paper.
Experimental protocol
Experimental sessions were scheduled in the afternoon between 1300 and 1700 to control for the circadian rhythms of blood pressure. Each session lasted slightly over 1 h.
After height and weight measurements, the subject was asked for a urine sample for determination of urinary sodium, creatinine, potassium, and chloride. Thoracic length was calculated from height and weight measurements. After 2 min of relaxation, blood pressure was checked with the Dinamap and the average of three readings from the subject's right arm was calculated. Subjects who did not meet the blood pressure requirements were excluded from the study.
After the subject was attached via electrodes to the NCCOM-3 for haemodynamic measures and the Finapres for continuous blood pressure measurement, the subject was asked to relax, sit quietly, and remain still while a 2-min baseline was recorded. This took place about 15 min after subjects entered the laboratory, which gave ample time to acclimatize. A standardized prerecorded task instruction that made the task appear easier to people other than the subject was heard.
A total of four trial periods were completed, each with a different number (eg '7') for the serial subtraction MA task. Tasks were counterbalanced for order across subjects. Individual subjects were tested in random order in regard to group membership or any other characteristic. The procedure was standardized across subjects using the following pattern: a 30-s delay before the first number was given, before each trial period, allowed time for the examiner to walk around a curtained partition after prompting the computer for data collection. The examiner stood directly in front of the subject during trial periods to increase anxiety. A bell was sounded at the end of each minute and a new number given. At the end of each silent minute, the examiner asked the subject to say out loud the last number of his calculation, which was promptly written down on an index card by the examiner in the subject's presence (to increase anxiety, the subject was told in the prerecorded instruction that these answers would be graded for accuracy at the end of the session). During each of the first 2 min of the verbal portion of the test, if the subject gave a wrong answer, he was told that his answer was wrong and to try again. During each of the last 2 min of silent computation, the examiner said once, 'I hope you are going as fast as you can!' or 'Please try and be as accurate as possible!'
After the fourth trial period, the subject was told that the stressful period of the experiment was over and asked to relax and remain seated. The examiner left the test area to allow the subject to relax without distraction. After a 4.5-min recovery period, 2-min of postbaseline haemodynamics were recorded. At the conclusion of the postbaseline recording, the subject was told that the procedure was complete. He was then asked for a cognitive appraisal of the task by answering the question: 'Overall, how easy was this task for you?' Possible answers ranged from extremely difficult to extremely easy on a Likert Scale. Debriefing included informing the subject that his math performance would not be evaluated, as well as answering any other questions.
Data analysis
Beat-to-beat data were collected for heart rate (HR), systolic and diastolic blood pressure (SBP, DBP), mean arterial pressure (MAP ¼ DBP+1/3[SBP-DBP]), cardiac output (CO), and stroke volume (SV). Total peripheral resistance (TPR) was calculated as MAP/CO Â 80 for each beat-to-beat reading. CO, SV, and TPR were adjusted for variations in body size (body surface area, in m 2 ), yielding cardiac index (CI), stroke index (SI), and peripheral resistance index (PRI), respectively. The pre-ejection period (PEP) was measured via dZ/dt waveform, recorded on time-calibrated paper and scored by hand. The baseline parasympathetic measure of mean successive difference in heart period (MSD, ms) for each subject was calculated in three steps: first, by dividing 60 (s/min) by HR (beats/min) to obtain the interbeat interval (IBI, ms/beat) for each heartbeat; second, by finding the sum of the absolute value of the difference between adjacent pairs of IBIs; and finally, the sum was divided by N-1, where N is the number of IBIs in the 2-min baseline period. 24 After screening out artefacts, beat-to-beat readings of HR, SBP, DBP, PEP, CI, SI, and PRI (calculated as described earlier) were averaged into baseline and task period means. This was carried out for each of the pre-and post-task 2-min baselines and the four 2-min verbal task periods. MSD (ms) was calculated in the same manner as described above for each of the pre-and postbaseline periods and the four 2-min silent task periods.
Change (delta) scores were calculated by taking the mean value of a variable in a given stress period (trial #1-trial #4) and subtracting from it the mean value of the corresponding variable during the 2-min baseline period. Differences between groups in reactivity and recovery were analysed by independent t-tests, while adaptation over time was analysed by ANOVA for each dependent variable. Multivariate analysis of variance (MANOVA) was performed to determine if the dependent variables as a group (CI, PRI, HR, MSD, SI, SBP, DBP, and PEP) showed global differences in reactivity, recovery, and adaptation between parental groups. P-values were corrected by the Hummel and Sligo 35 procedure for multiple measures.
Results
Subject matching (Table 1) There were no significant differences between the two parental history groups for demographic characteristics, including age, marital status, education, height, weight, average resting SBP and DBP, thoracic length, body mass index, body surface area, smoking behaviour, caffeine, alcohol and salty food consumption, drug use, exercise, occupation, mother and father's age, urine concentrations of creatinine, sodium, potassium and chloride, or sodium/creatinine ratio. The two groups did not show significant differences at baseline for any of the haemodynamic variables (SBP, DBP, MAP, CI, SI, HR, PRI, PEP, MSD).
Validity and haemodynamic mechanism of stressor ( Table 2) Paired t-tests were performed to determine the effects of the initial math stressor from baseline for all subjects. MA caused significant (from Po0.001 to ¼ 0.025) changes in response from baseline to trial #1 for all haemodynamic measures in the entire group (n ¼ 42). After Bonferroni correction for multiple tests, all P-values remained significant ( Table 2 ). The stressor was sufficient to elicit a response in all subjects.
Since blood pressure is the algebraic product of cardiac output and systemic vascular resistance (ie MAP ¼ CI Á PRI), increments in both CI (P ¼ 0.005) and PRI (P ¼ 0.035) contributed to the rise in MAP (Po0.001) during this stressor. In turn, since CI ¼ SI Á HR, the increment in CI was driven by an increase in HR (Po0.001), even though SI fell (P ¼ 0.025). Intriguingly, SI fell (P ¼ 0.025) despite a decline in PEP (Po0.001), which suggests a rise in cardiac contractility; the increase in afterload to the left ventricle (PRI, P ¼ 0.035) explains this finding. Was the rise in HR (Po0.001) driven by increased sympathetic (beta-adrenergic) tone to the heart, or by vagal withdrawal? The decline in PEP (Po0.001) suggests increased sympathetic tone, while the decline in MSD (Po0.001) suggests diminished vagal nerve traffic; thus, both increased sympathetic and decreased parasympathetic tone seemed to contribute to the rise in HR (Po0.001) during the stressor (Table 2) .
Reactivity (initial response to stress) ( Table 3 and Figure 1) Reactivity (or the initial response to the stressor) was defined as the delta score for trial #1 minus baseline. Unpaired t-tests (or two-way repeated measures ANOVAs) on mean differences in delta scores between positive and negative parental groups were computed on CI, PRI, HR, MSD, SI, SBP, DBP, MAP, and PEP (Table 3) . Change in cardiac index (CI) from baseline was significantly higher in the N+PH group (t ¼ -2.37, Po0.05) (Figure 1a ). Change in PEP from baseline to trial #1 was also significantly different between the two parental groups (t ¼ 2.41, Po0.05) (Figure 1a ). Reactivity was not clearly different for the other variables (PRI, HR, MSD, SI, SBP, DBP, MAP).
Adaptation (change in response to repeated stress over time) (Table 4 and Figure 1 )
Adaptation (change in response to repeated stress over time (the four trial time points)) was measured by computing a 2 (parental group) Â 4 (trial) analysis of variance (ANOVA) for each variable. Several variables showed adaptation over time in the total sample (n ¼ 42): CI (P ¼ 0.008), PRI (P ¼ 0.001), HR (P ¼ 0.02), and PEP (Po0.001).
The only variable to demonstrate clearly a difference in adaptation between the two parental groups, using both change scores and actual values, was PEP (F ¼ 4.47, P ¼ 0.005), showing slower adaptation for N+PH subjects than N-PH subjects (Table 4, Figure 1d ). These differences remained significant after correcting for both repeated measures with the Huynh-Feldt correction (P ¼ 0.012), and multiple measures (P ¼ 0.03).
Recovery (return to baseline) ( Table 5 and Figure 1) Recovery was defined as the difference between baseline and postbaseline trial values for each variable, analysed by unpaired t-tests (Table 5 ). Significant differences in recovery were found between the two parental groups for HR (t ¼ -2.64, P ¼ 0.03), DBP (t ¼ -2.38, Po0.05), and PEP (t ¼ 3.16, P ¼ 0.008). In these cases, the N+PH group showed delayed recovery as compared to the N-PH group (Figure 1b, c, d ).
Since PEP is heart rate-dependent, and its changes differed between the groups in reactivity, procedure for multiple measures. The same P-values emerged from two-way repeated measures ANOVA for the trial (baseline to trial 1) Â group (N+PH vs N-PH) interaction term. *Pp0.05. Abbreviations: N+PH, normotensive with positive parental history for hypertension; N-PH, normotensive with positive parental history for hypertension; CI, cardiac index; PRI, peripheral resistance index; HR, heart rate; MSD, mean successive difference in heart period; SI, stroke volume index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure; PEP, pre-ejection period; df, degrees of freedom.
adaptation, and recovery, we further explored its role. Neither heart rate nor PEP differed between the subject groups at baseline (Table 1) . Overall (across time points), PEP and heart rate correlated highly (r ¼ 0.795, r 2 ¼ 0.632, n ¼ 290 time points. Po0.001). However, in an analysis of covariance, PH remained an important determinant of PEP (F ¼ 6.61, P ¼ 0.011).
MANOVA: global haemodynamic responses to stress (Table 6) To probe global responses to stress, we used MANOVA to test whether family history influenced reactivity, adaptation, or recovery of a composite outcome variable, consisting simultaneously of CI, PRI, HR, MSD, SI, SBP, DBP, and PEP (Table 6 ). Family history clearly affected both initial reactivity (F ¼ 2.71, P ¼ 0.022) and late recovery (F ¼ 1.99, P ¼ 0.001). During adaptation, family history affected trial-to-trial change (D) scores (F ¼ 1.57, P ¼ 0.045), although the effect on absolute values of haemodynamic variables was more marginal (F ¼ 1.52, P ¼ 0.058).
Summary
In summary, initial reactivity in the N+PH group was significantly higher than in the N-PH group for CI (Po0.05) and PEP (Po0.05). Adaptation to repeated stress in the N+PH group was slower than in the N-PH group for PEP (P ¼ 0.03). Delayed recovery was shown for HR (P ¼ 0.03), DBP (Po0.05), and PEP (P ¼ 0.007) in N+PH subjects as compared to N-PH subjects. Since delayed recovery in heart rate (P ¼ 0.03), and diastolic blood pressure (Po0.05) occur in N+PH subjects even before the corresponding changes in reactivity (P40.10) or adaptation (P40.07) are seen, these recovery impairments may be among the earliest precursors to the development of essential hypertension in this population. MANOVA (using a composite-dependent variable subsuming CI, PRI, HR, MSD, SI, SBP, DBP, MAP, and PEP) showed greater initial reactivity (P ¼ 0.022), delayed adaptation (P ¼ 0.045 for D scores), and incomplete recovery (P ¼ 0.001) of the N+FH group to stress.
Discussion
Stress responses and genetic risk of hypertension
Folkow [36] [37] [38] hypothesized that repeated episodes of stress over time cause a change in the wall-to-lumen ratio of arterioles in subjects with genetic predisposition to hypertension, ultimately eventuating in a fixed increase in peripheral resistance and future hypertension. Thus, both genetic predisposition and environmental interaction may play necessary roles in this process. In support of this viewpoint, N+PH subjects in this study did show a greater responsiveness to stress as compared to N-PH subjects, as manifested by higher reactivity in CO (Po0.05) and PEP (Po0.05) ( Table 3 ). Since delayed recovery in heart rate (P ¼ 0.03), and diastolic blood pressure (Po0.05) occur in N+PH subjects even before the corresponding changes in reactivity (P40.10) or adaptation (P40.07) are seen, these recovery impairments may be among the earliest precursors to the development of essential hypertension in this population.
These results support the hypotheses of Julius et al, 2 Obrist, 39 and Sherwood et al, 40 which posit an initial state of myocardial activation (high cardiac output) progressing to a later state of increased peripheral resistance. The higher cardiac output reactivity to stress (Po0.05), coupled with no difference in peripheral resistance reactivity (P ¼ 0.99) found in the N+PH vs N-PH groups (Table  3) , supports the hypothesis of an initial hyperkinetic myocardial state in N+PH subjects. 38 Group reactivity differences in blood pressure were not found in this study (P ¼ 0.54-0.99, Table 3 ). Heightened blood pressures in the N+PH population as compared to the N-PH population might develop later, as a result of sustained or repeated differences in response of such underlying haemodynamics as CO and PEP to repeated environmental challenge.
While Julius et al reported very early changes in sympathetic and parasympathetic function during the course of development of hypertension, 2,41-43 we found no baseline haemodynamic differences between the PH groups (Table 1) . Perhaps we studied subjects at an earlier age or time in development of hypertension than did Julius et al. 2, [41] [42] [43] Our subjects were young (mean age, 26-27 years; Table 1 ) and Dependent variables included in each MANOVA are CI, PRI, HR, MSD, SI, SBP, DBP, and PEP. The independent variable was family history of hypertension (N+PH vs N-PH groups). Variables included were CI, cardiac index; HR, heart rate; SI, stroke index; MSD, mean successive difference in heart period; MAP, mean arterial pressure; and PEP, pre-ejection period. Power: % chance of finding a difference if one exists in the population. *Significance Pp0.05. For the recovery MANOVA, the 5 time points included the 4 trial points plus the post-trial recovery point.
uniformly normotensive (Table 1) . By contrast, Julius et al 2, [41] [42] [43] describe patients with autonomic defects in borderline hypertension. While we used the noninvasive technique of impedance cardiography for measurement of baseline (Table 1) and stress-induced haemodynamic changes (Figure 1 , Tables 3-6), this technique correlates well (r ¼ 0.85-0.87) with more invasive measures such as thermal dilution, 44 and we have successfully employed impedance cardiography to describe early alterations in haemodynamic responses in subjects at genetic risk of hypertension. 45 The kidney may play a crucial role in the development of genetic hypertension, 38 perhaps in response to alterations in renal sympathetic nerve activity, 46 a mechanism which would be congruent with our cardiac autonomic findings (Figure 1 ). Indeed, we have observed subtle, early changes in glomerular function 47 and vasoactive hormone excretion 48, 49 in the still-normotensive offspring of patients with hypertension.
Parental history of hypertension and blood pressure reactivity: the literature
The stressor chosen for this study (verbal serialsubtraction) is an 'active coping' task, that is, one that requires sustained mental effort 50 (such 'active coping' tasks may be distinguished from 'passive coping' tasks, for example, exposure to a loud sound, which make no demand that the subject responds to its presence). This task (Table 3 and Figure 1 ) yielded greater initial increases in CI (Po0.05) and more initial shortening of the PEP (Po0.05) in N+PH subjects.
The previous literature on family history of hypertension and blood pressure reactivity is variable. In older literature, Hastrup et al 15 found higher reactivity in N+PH males of HR and SBP to a reaction-time shock-avoidance task, while Obrist et al, 18 using a pseudo-shock-avoidance task, did not discriminate between the groups. Three more recent studies on cardiovascular reactivity in N+PH vs N-PH groups, by Manuck et al, 51 de Visser et al, 9 and Gerin and Pickering, 11 are of interest. In Manuck et al, 51 no differences between PH groups were noted in HR or BP reactivity, but other haemodynamic measurements (eg CI, SI PRI, PEP) were not undertaken. Greater increases in total peripheral resistance were noted in N+PH subjects in a study by deVisser et al, 9 although no differences in sympathetic (PEP) or parasympathetic (respiratory sinus arrhythmia) measures were found between groups; the subjects of this study were of a very broad age range (8-33 years), and both genders. Gerin and Pickering 11 found no differences in initial reactivity between N-PH, N+PH, and N++PH (hypertension in both parents) groups, but did find significantly delayed recovery in the N++PH group; this study involved multiple ethnicities (black, white, Hispanic, and Asian), and both genders. It may be problematic to interpret findings from such heterogeneous populations. Our relatively homogeneous subject sample (all white males, aged 20-35 years), coupled with strict matching of controls to cases ( 7 2 years) in the design of the present study may have remedied some of the methodological limitations found in the studies mentioned above, and thereby perhaps increased statistical power to detect meaningful differences in reactivity, adaptation, or recovery.
Given the methodological differences between this study and prior reports, it may be appropriate to reconsider the role of the parasympathetic nervous system in the aetiology of essential hypertension. Although parasympathetic tone decreases as hypertension progresses, 52,53 N+PH subjects have not shown a difference from N-PH subjects in parasympathetic tone. 9, 54 The parasympathetic response (measured by MSD) showed a significant decline from baseline to trial #1 for all n ¼ 42 subjects (Po0.001, Table 2 ). Therefore, the stressor sharply diminished vagal tone, and thus created a clear opportunity to observe any PH group differences in parasympathetic response to mental stress. This is in agreement with Miller 54 and a more recent study by de Visser et al. 9 Both used active coping tasks (shock-avoidance and a memory search task, respectively), and found no differences in vagal activity between N+PH and N-PH groups as measured by respiratory sinus arrhythmia. The present study differed in type of stressor (serial-subtraction task) and in the method of measuring vagal activity (heart rate variability via MSD scores). However, despite our use of a stressor known to elicit even greater differences in response between N+PH and N-PH subjects than other stressors, 16, 24, 28, 55 and despite measuring parasympathetic response with a more direct method (MSD), the results of this study paralleled previous studies: we found no differences between the PH groups in parasympathetic response (MSD), at the stages of initial reactivity (P ¼ 0.99, Table 3 ), subsequent adaptation (P ¼ 0.268, Table 4 ), or later recovery (P ¼ 0.99, Table  5 ). Perhaps the decrease in vagal tone seen in essential hypertensive subjects 52, 53 develops as a consequence of high blood pressure rather than as a precursor to the disease.
Three particular advantages of this study are: first, well-matched controls; second, homogeneity of the two family history groups in regard to race, sex, baseline blood pressures, and numerous other factors (see Results); and third, the use of underlying haemodynamic measures, which allowed for a more mechanistic understanding of possible changes during the prehypertensive stage of the disease.
Limitations of the present study may lie in part in the grouping of normotensive subjects by family history of hypertension. Studies disagree on the importance of three vs two groups of subjects when examining the differences between N+PH and N-PH groups. Hastrup et al 15 found that subjects with two vs one hypertensive parents have no significant differences in cardiovascular reactivity, suggesting that only two groups are necessary. However, Manuck et al 51 recommend using three groups, one group with both normotensive parents, one with one hypertensive parent, and one with two hypertensive parents. The present study used only two groups to differentiate between positive and negative parental hypertension history. Our n ¼ 5 subjects with two hypertensive parents were grouped with the n ¼ 16 subjects with one hypertensive parent, since we were not able to discern any differences between these small groups.
Potential implications of the study
How might our results be exploited in the future? Directions for future research could include longitudinal studies, measuring reactivity, adaptation, and recovery of cardiovascular indices over several years (or even decades) in normotensive subjects stratified by genetic risk of essential hypertension. For example, does early hyper-reactivity of PEP predict later development of established hypertension? Since we found differences in sympathetic responsiveness (PEP) in the still-normotensive offspring of parents with essential hypertension, such 'intermediate' phenotypes may be especially valuable in genetic (linkage and association) studies in these populations. 45 Finally, since many studies up to this point have used male, white subjects, more studies are needed that target females and people of other ethnic backgrounds. 56 Research on the effectiveness of preventive measures in prehypertensive populations that have been screened for high cardiovascular reactivity, slow cardiovascular adaptation, and delayed recovery from mental stress might also be warranted. A maladaptive response to repeated psychological stressors in genetically predisposed individuals might be an early psychophysiological marker in determining which persons will eventually develop hypertension. Prescreening such individuals might allow for pre-emptive treatment in the early, prehypertensive phase of the disease. Considering the striking differences between family history groups, especially in cardiac responses, including contractility (as indexed by PEP; Tables 3-5), betaadrenergic blockade might be an attractive therapeutic possibility in still-normotensive subjects with such heightened cardiac responses. Longitudinal treatment-outcome studies on these individuals, using stress inoculation, biofeedback therapy, relaxation therapies and/or drugs to decrease sympathetic arousal to stress, might shed light on whether the development of this disease can be altered in genetically susceptible individuals.
